A cold-wall upstream reactor was designed to study the deposition of P-Sic layers on WC-Co hard metal substrates. Experiments demonstrated that P-Sic coatings can be easily deposited on inductively heated substrates at temperatures between 1000-1400°C by thermal decomposition of 1,2-dimethyldisilane under normal pressure conditions. It was shown that this silicon compound is an advanced precursor for the preparation of P-Sic coatings. The reaction temperature influenced the S i c growth rate as well as the microstructure of the coating. Different reaction mechanisms occurred at these temperatures. Fine grained cauliflower-like coatings were obtained below 1100°C while monolithically crystallised coatings were formed above 1200°C. These morphological differences are associated with the coating growth rates, which reached a maximum at 1100°C and decreased rapidly at higher temperatures. The precursor concentration in the reaction gas had to be kept relatively low in order to obtain homogeneous, crystalline Sic coatings and to prevent "smoking", i.e. nucleation of fine particles in the gas phase.
INTRODUCTION
S i c exists in many complex crystalline polytypical structures, of which P-Sic (or 3C Sic) is reported to be the only cubic one. a-Sic can form hexagonal (6H Sic) or rhombohedral crystals [I] .
S i c coatings are widely used scientifically and industrially because of their thermal, mechanical and electronic properties as well as their excellent chemical stability [2, 3] . Typical industrial applications are in electronic devices, for protection against chemical corrosion and as hard and wear-resistant materials [4, 5] . S i c could also be used for intermediate layers between the substrates (hard metal or Si-wafer) and CVD diamond coatings. It is already in use as a substrate for such coatings [6] .
S i c coatings are usually prepared by a CVD reaction using silane or its derivatives and a hydrocarbon . A major problem with these precursors is the difficulty in obtaining stoichiometric Sic; carbon or silicon excesses or deficiencies are too often found in the final products [I 11 . Carbon-containing silane derivatives can be excellent precursors for S i c preparation [12, 13] . Among the various possible precursors in systems Si-CI/Si-C1-H, Si-C-H and Si-C-H-C1, the CH3SiC13 (MTS) was very often chosen . The studies and processes of S i c films are largely summarized by Schlichting [21] and Besmann [22] . A thermodynamic analysis and kinetic implications of CVD Sic from Si-C-C1-H systems was described in [23] . A calculation of CVD phase diagrams useful for the preparation of silicon carbide from commonly used precursors was given in [24] . More recently, Sic polycrystallines were grown by LPCVD using tetramethylsilane (TMS) as precursor [25, 26] . One in particular in Si-C-H sysrem, 1,2-dimethyldisilane, has been used in work carried out in a hot-wall reactor. The pyrolytic formation of S i c showed that both S i c coatings and powders can be formed simultaneously by thermal decomposition at elevated temperatures. The precursor is easy to handle, is inexpensive and has a carbon-to-silicon ratio corresponding exactly to the stoichiometric ratio of S i c [27] . For the present work a cold-wall upstream reactor was designed which made Sic deposition possible without simultaneous powder formation. The WC-Co substrates were inductively heated by a RF source. The pyrolysis of 1,2-dimethyldisilane was conducted at 700-1400°C.
EXPERIMENTAL PROCEDURE

Precursor and substrate
1,2-dimethyldisilane -a colorless liquid with a boiling point of 48°C -has been synthesized at the TUGraz in sufficiently large amounts for CVD reactions, and its preparation method has been presented elsewhere [27] . The compound is volatile and stable for short times in air at room temperature. A determination of the vapor pressure of the compound was done by measuring the equilibrium-boiling temperature under different total pressure of the system and afterwards extrapolating the measured value to low temperature. Figure 1 shows the temperature dependence of its vapor pressure.
WC-6%Co cemented carbide cutting tools (H21 SNG-432; size: 12.5 x 12.5 x 4.5 rnm3) were used as substrates. Before deposition they were ultrasonically cleaned in methanol solution. 
CVD apparatus and deposition procedure
The cold-wall CVD apparatus was designed to deposit Sic on WC-Co substrates at different temperatures, precursor concentrations and gas velocities (see Figure 2) . With it pyrolytic decompositions under atmospheric pressure or in vacuum can be carried out. The precursor vaporizer with a saturating condenser and the reaction chamber with by-pass and cooling traps were made of Pyrex glass. For the reaction chamber itself a quartz glass tube is needed for depositions above 1600°C.
Since the presence of oxygen could lead to the formation of silicon oxide the apparatus was flushed with nitrogen for 15 min. prior to each experiment. Hydrogen served as the carrier and dilution gas. The carrier gas passed fist through the precursor vaporizer unit held at room temperature (15-20°C), then through the water-cooled condenser, so that it could be saturated by the precursor. The temperature of the condenser was kept at 2OC during the entire deposition procedure. At this temperature the vapor pressure of the compound was maintained at 27 torr. After the carrier gas was saturated with the precursor it was diluted by hydrogen to reach the desirable precursor concentration for the deposition process.
A high-frequency induction heating device (type HFS40, frequency 270 KHz) was used to heat the hard metal. A single WC-Co substrate was placed in the center of the induction coil and heated rapidly (within 30-60 seconds) in a flowing hydrogen atmosphere, whereby the upper temperatures were limited only by the melting point of the cobalt binder phase of the substrate. The precursor/hydrogen mixture flowed upstream through the reaction chamber after the substrate reached the desired constant temperature. The pyrolytic reaction is supposed to take place just on the hot surface of the substrate. After the deposition the substrate was cooled to room temperature under flowing pure hydrogen.
X-ray diffraction was used to determine the composition of the Sic coating and SEM to characterize the morphology. The Sic growth rates were calculated from the weight increases of the substrates.
RESULTS
Initially a high 1,2-dimethyldisilane concentration of 3.43% (carrier gas 500mllrnin and no dilution gas) was used in the gas mixture to produce the Sic coatings. At 700°C neither smoking (nucleation in the gas phase) nor coating were observed. Pyrolysis of the precursor obviously occurred at 900°C, forming both powders in the gas phase and coatings on the substrates surface. The higher the substrate temperature the stronger was the smoking in the gas phase. Based on these results the main deposition parameters were therefore temperatures above 900°C and low precursor concentrations in order to produce good coatings without powder formation. Figure 3 shows the growth rates of Sic coatings at different temperatures.
The deposition temperature
The experiments were conducted in the range of 900-1400°C with a constant precursor concentration (6.28x10-' % 1,2-dimethyldisilane in the gas mixture) to prepare coatings without smoke formation. The Sic growth rate showed a maximum at a substrate temperature of 1 100°C, above which the growth rate decreased rapidly. The deposition temperature of 1100°C is also critical for the Sic morphology. At higher temperatures the Sic coatings were crystalline as observed by SEM. At lower temperatures cauIiflowerlike coatings were obtained (see Figure 4) . These changes in crystallinity were also detected by X-ray diffraction. As shown in Figure 5 for lower deposition temperatures (1000°C) and a high precursor concentration (3.43%) the amorphous coatings had formed. However the typical diffraction pattern of P-Sic already appeared at the same temperature with a lower precursor concentration (6.28~10.~ %). At increasing temperatures P-SIC with good crystallinity was always observed.
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Deposition with different precursor concentrations
The influence of the precursor concentration on coating growth rates was studied at the deposition temperature of 1200°C ( Figure 6 ). A linear increase of the SiC growth rate with the precursor concentration was found. The morphologies of the coatings changed with increasing precursor concentration from crystalline to cauliflower-like ( Figure 7 ). 
DISCUSSION
With a directly heated substrate and using 1,2-dimethyldisilane as the precursor, the preparation of continuous S i c coatings is quite easy. The deposition temperature and precursor concentration influence the coating growth rate and crystallinity. Films with different morphologies can be produced under different condition. The formation of powders in gas phase can also be avoided by decreasing the precursor concentration.
Effects of temperature on the pyrolysis of the precursor
The thermal decomposition of 1,2-dirnethyldisilane can follow different reactions steps :
The radicals SiCH, and CH, are formed during the precursor decomposition and can be removed from the apparatus with the flowing hydrogen. It can be further assumed that at the higher temperatures more radicals are formed. However, since these radicals are not decomposed to Sic, a decrease in the Sic growth rate is observed.
At lower substrate temperatures (900-1 100°C) the precursor species are adsorbed and decomposed on the substrate surface and not in the gas phase. The decomposition temperature influences the diffusion to the substrate and the increase in Sic growth rate can be explained by the higher decomposition rates (higher diffusion to the substrate), while the absence of smoking indicated that no decomposition in the gas phase occurred.
At substrate temperatures above 1100°C the precursor decomposes both on the hot surface of the substrate and in the gas phase surrounding it, thus forming not only the S i c coating but also radicals as expressed in reactions (2) or (3) . If the radicals cannot reach the substrate surface -where the coating is formed -they are removed by the gas stream.
These effects are important for the crystallinity and morphology of the S i c crystal. The concentration of the precursor species as well as the deposition temperature determine the growth of the coatings.
SIC crystal growth and coating morphology
Amorphous SiC
At 900-1000°C the deposited coatings consist mainly of amorphous Sic. At low temperatures the surface mobility is also low and the species arriving from the gas phase cannot readily rearrange. However, by decreasing the precursor concentrations in the gas phase (i.e. reducing the supersaturation at the substrate surface) nucleation of P-Sic became possible even at such low temperatures.
At high temperatures and low growth rates, obtained by a low precursor concentration, the formation of a monolithic S i c coating was observed (Figure 8 and 9) . Starting from the substrate edges the Sic crystals grow towards the center. This can be explained by the gas flow in the tube type reactor where the gas flow rate is a maximum at the substrate edges. Under these conditions the nucleation rate is very slow and the crystals grow together, forming large homogeneous areas. Very thin coatings were observed. If the Sic coating does not fully cover the substrate, the boundary between the coating and the hard metal surface is linear, looking like crystal facets. Depending on the precursor concentration these "monocrystalline" areas can reach several Frn in diameter. Some of these monocrystals at the edge are even as big as 50-80 pm.
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Crystalline Sic deposits
Under specifically selected conditions (1300°C, 5.18~10" % precursor, gas flow rate 1000 mVmin) and especially at higher deposition temperatures, faceted crystals are observed within the large monolithic areas (Figure 10 ). The crystal facets are mainly trianguiar; in some cases fiber-like crystals were observed. Most of these crystals have the same orientation within one monolithic area. This indicates that these large areas are actually monocrystalline. However they were so thin that no X-ray diffraction patterns of the coating could be obtained; thicker specimens showed the P-Sic pattern. 
Comparison with MTS and TMS
MTS is a well-known precursor for Sic coatings in the CVD process because of its 1:l molar ratio of silicon to carbon. However the etching on Si substrate was observed due to the formation of C-containing radicals [19, 28, 29] . By using 1.2-dimethyldisilane as precursor to deposit S i c coatings, there exists no etching problem, and meanwhile the same molar ratio of silicon to carbon is maintained, which keeps the advantages as MTS has. The TMS (tetramethylsilane) was used as precursor because it supplies Si and C from individual molecules free from chlorine. Polycrystalline P-Sic coatings could be grown by LPCVD process of TMS. The morphology strongly depends on the process parameter [25] . A low pressure seems to be essential for the coatings deposition, while Sic coatings can be obtained by 1.2-dimethyldisilane under atmospheric pressure. As a new raw material, 1.2-dimethydisilane has shown advantages in S i c coatings preparation, and further research is significant.
CONCLUSIONS
P-Sic coatings can be deposited easily on inductively heated WC-Co substrates at temperatures between 1000-1400°C by the thermal decomposition of 1,2-dimethyldisilane under normal pressure in hydrogen atmosphere. It was demonstrated that this silicon compound is an advanced precursor for the P-Sic coatings.
The reaction temperatures influenced the Sic growth rate as well as the microstructure of the coating. The S i c growth rates were found to peak sharply at llOO°C, decreasing rapidly above that temperature. Different reaction mechanisms occurred in the two temperature zones. Below 1100°C fine grained, unfacetted, cauliflower-like coatings were obtained. Above 1200°C faceted and monolithically crystallized coatings were formed. The morphology differences are also associated with the coating growth rates.
The precursor concentrations in the reaction gas should be relatively low in order to obtain homogeneous coatings characterized by good crystallinity as well as to avoid "smoking", i.e. nucleation in the gas phase.
